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The Central Hardwood Region (CHR) is experiencing a lack of desirable hardwood
regeneration on productive sites across the landscape. To better understand what facilitates
desirable hardwood regeneration, additional studies that test the interaction of multiple
disturbances are needed. For this reason, a demonstration area on the north end of Trail of Tears
State Forest (Union County, Illinois) was established to compare hardwood regeneration
response following four treatments: (1) burn only, (2) thin/burn, (3) harvest/thin/burn, and (4)
control. Treatments were implemented beginning in 2014 to determine what combination of
silvicultural practices best promotes desirable hardwood regeneration among large saplings
(>3.3’ in height and 1” DBH to 3” DBH), small saplings (>3.3’ in height and up to 1” DBH), and
seedlings (1”- 3.3’ in height) and increases midstory Quercus alba radial growth (stems >3”
DBH). Eighty plots were surveyed in the summer of 2021, and overstory, regeneration, and
canopy openness data were collected. Midstory Q. alba individuals were cored to elucidate the
relationship of radial growth and silvicultural treatments. There was no significant difference of
Quercus spp. density among treatments for any regeneration size class. No silvicultural releases
were detected in midstory Q. alba individuals since treatment application in 2014. These results
indicate that either there had not been enough time since treatment application, or the
management practices did not alter canopy openness enough to cause a radial growth increase.
Given the absence of Quercus spp. regeneration and growth using the four treatments, I suggest
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managers should also consider other factors such as deer population densities, non-Quercus
competition vigor, and forest floor light availability when attempting to regenerate productive
forests in the CHR.

ii

ACKNOWLEDGEMENTS
First and foremost, thank you to my family for their unwavering support and
encouragement during my professional development. I greatly appreciate Drew, my partner, for
his endless compassion, patience, and tech support during my time in graduate school. To my
parents, Mark and Alice, and my brother, Patrick, who are always there to chat which allows me
to take a step away from my desk every once in a while.
I would like to thank my committee members for their support. Thank you for sharing
your knowledge and inspiring me through my time at SIU. Special thanks to my advisor, Dr. Eric
Holzmueller, for holding me to a high academic standard and working through the numerous
renditions of this manuscript. Dr. Charles Ruffner, thank you for inspiring motivation and
confidence, for which I am very grateful. Thank you to Dr. John Groninger who provided
valuable insight that has help shape me into a better scientist.
This research could not have been completed without the financial and logistical support
of the School of Forestry and Horticulture and the McIntire-Stennis Cooperative Forestry
Program. Thank you to the Illinois Department of Natural Resources, and the staff at Trail of
Tears State Forest, Benjamin Snyder, Rich Randle, and Sue, for their assistance. Special thanks
to Anne Krippenstapel for dodging ground bees and snakes with me in the field.
To my officemates and peers, Erin Todd and Lainey Metz, a sincere thank you for your
support and motivation. My time at SIU would not have been the same without them.

iii

TABLE OF CONTENTS
CHAPTER

PAGE

ABSTRACT..................................................................................................................................... i
ACKNOWLEDGMENTS ............................................................................................................. iii
LIST OF TABLES ...........................................................................................................................v
LIST OF FIGURES ...................................................................................................................... vii
CHAPTERS
CHAPTER 1 – Introduction.................................................................................................1
CHAPTER 2 – Literature Review .......................................................................................5
CHAPTER 3 – Methods ....................................................................................................16
CHAPTER 4 – Results ......................................................................................................22
CHAPTER 5 – Discussion .................................................................................................27
CHAPTER 6 – Conclusions...............................................................................................32
EXHIBITS .....................................................................................................................................33
REFERENCES ..............................................................................................................................45
VITA ............................................................................................................................................57

iv

LIST OF TABLES
TABLE

PAGE

Table 1 - Land-use practices, time period, and impacts to forest development of Trail of
Tears State Forest in southern Illinois ............................................................................33
Table 2 - Overstory mean basal area (ft2/ac) and standard error (S.E.) by species and
across treatments: control (C), burn only (B), harvest/thin/burn (HTB), and
thin/burn (TB). Different letters following standard errors indicate a significant
different among the treatments (p < 0.05) ......................................................................34
Table 3 - Overstory mean density (trees/ac) and standard error (S.E.) by species and
across treatments: control (C), burn only (B), harvest/thin/burn (HTB), and
thin/burn (TB). Different letters following standard errors indicate a significant
difference among the treatments (p < 0.05) ....................................................................35
Table 4 - Large saplings (>3.3’ in height and >1” DBH to 3” DBH) mean density
(stems/ac) and standard error (S.E.) by species and across treatments: control
(C), burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). Different
letters following standard errors indicate a significant difference among the
treatments (p < 0.05).).....................................................................................................36
Table 5 - Small saplings (> 3.3’ in height and up to 1” DBH) mean density (stems/ac) and
standard error (S.E.) by species and across treatments: control (C), burn only
(B), harvest/thin/burn (HTB), and thin/burn (TB). Different letters following
standard errors indicate a significant difference among the treatments (p < 0.05). ........37
Table 6 - Seedling (1”- 3.3’ in height) mean density (stems/ac) and standard error (S.E.)

v

by species and across treatments: control (C), burn only (B), harvest/thin/burn
(HTB), and thin/burn (TB). Different letters following standard errors indicate a
significant difference among the treatments (p < 0.05) ..................................................38
Table 7 - Pearson’s correlation coefficients between the control unit’s standardized ring
width chronology and climate parameters: mean temperature (ºC), precipitation
(mm), and Palmer drought severity index (PDSI) on a monthly basis from 18952021.................................................................................................................................39

vi

LIST OF FIGURES
FIGURE

PAGE

Figure 1 - Trail of Tears State Forest location within Union County in southern Illinois
with treatment units: control, burn only, harvest/thin/burn, and thin/burn .....................40
Figure 2 - Plot locations within the treatment units in the demonstration area at Trail of
Tears State Forest in Union County, Illinois. Treatments include control (C),
burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). There were twenty
plots sampled per unit (n=80) .........................................................................................41
Figure 3 - Canopy openness (%) by plot and treatment across treatments including
control (C), burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). There
were twenty plots sampled per treatment (n=80). Data were collected using a
spherical densiometer. Four values were taken for each overstory plot at plots
center facing the cardinal directions and averaged into a plot mean value for
canopy openness (%). Different letters following standard errors indicate a
significant difference among the treatments (p < 0.05). .................................................42
Figure 4 - Major and moderate releases per decade at Trail of Tears State Forest
demonstration area. Major (> 50% growth increase lasting 10 years) and
moderate (> 25% growth increase lasting 10 years) releases in midstory
Quercus alba individuals were detected using a modified version of the radial
growth averaging (RGA) release detection method of Nowacki and Abrams
(1997) with an asymmetric detection window of 10 years before and 7 years
after the target year. Gray portion represents core sample depth. ..................................43

vii

Figure 5 - Age-diameter graph of 126 Quercus alba L. (white oak) midstory tree cores
across treatments: control (C), burn only (B), harvest/thin/burn (HTB), and
thin/burn (TB). ................................................................................................................44

viii

CHAPTER 1
INTRODUCTION
Quercus spp. have played a keystone role in the forests of the eastern United States for
thousands of years (Abrams, 2003; Smith, 2006). Since the turn of the 20th century, there has
been a decline in Quercus regeneration in the eastern U.S. (Abrams, 2003; Brose et al., 2014;
Hanberry, 2013). Even though many eastern forests still have high levels of stocking of mature
Quercus spp. and successful small Quercus spp. regeneration, there is a bottleneck when it
comes to small regeneration advancing into the overstory to maturity (Schweitzer et al., 2019).
The Central Hardwood Region (CHR) has undergone rapid land-use and compositional
change over the past one hundred years which may explain this bottleneck. During the 17th, 18th,
and 19th centuries, Quercus spp. were continuously recruited into the canopy, but that
successional relationship shifted after periodic anthropogenic disturbances abruptly stopped
around the 1930s (Dey & Schweitzer, 2018; van de Gevel & Ruffner, 2006). Disturbance is
fundamental to the formation of temperate forest ecosystems in this region. Several studies have
investigated the optimal conditions for regenerating Quercus spp.; however, with land-use
changes and a shifting climate, characteristics of past disturbance regimes can be complex to
decipher (Albrecht & McCarthy, 2006; Brose et al., 1999; Greenberg, 2021; Iverson et al., 2017;
McEwan et al., 2011; Rentch et al., 2003). In addition, each Quercus species has unique
regeneration characteristics and growth patterns, as well as specific site conditions that govern
this process. Multiple studies have concluded that a variety of recurrent disturbances are essential
to meet the conditions for effective Quercus regeneration and advanced Quercus regeneration
release (Albrecht & McCarthy, 2006; Brose et al., 2013; Hutchinson et al., 2005). Light
penetration to the forest floor is integral to the development of oaks, so multiple disturbances that
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open the canopy, increase light availability, and maintain these elevated light conditions are
necessary for successful Quercus regeneration (Dillaway et al., 2007; Graboski et al., 2020;
Holzmueller et al., 2009).
Once established, trees that survive a disturbance, whether natural or anthropogenic in
origin, will often be either suppressed or experience a release by the disturbance event, which is
recorded through time in the annual growth rings (Fraver & White, 2005). Although parsing out
the cause of a radial growth release can be challenging due to the multitude of factors that
influence growth (temperature, precipitation, slope position, age, light availability, etc.), there are
several methods that control for these factors to provide a means for reconstructing historical
disturbances, allowing for scientists to isolate effects of exogenous disturbances on radial growth
(Fraver & White, 2005; Lorimer & Frelich, 1989; Nowacki & Abrams, 1997; Rentch et al., 2002;
Rubino & McCarthy, 2004). Disturbance detection from tree-ring data can be used in trees that
are directly affected by the disturbance (e.g. a fire producing a fire scar) or in trees that are not
directly affected but have had their growth influenced from improved light conditions after the
death of a neighboring tree that was impacted by disturbance (Altman et al., 2014). The latter is a
process referred to as release, where abrupt changes in the radial growth of a tree exceeds the
previous growth rate before a disturbance (Lorimer, 1980), which allows for localized or standwide disturbances to be quantified at a high temporal resolution (Black & Abrams, 2003).
Understanding how management impacts previously established Q. alba can be beneficial to
land managers wanting to increase growth of suppressed midstory stems through implementation
of silvicultural treatments.
There are two primary hypotheses postulated in the literature for increasing/maintaining
disturbance levels within a stand to sustain Quercus spp. First, the fire-oak hypothesis suggests
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that Quercus species need periodic fire disturbances to regenerate (Abrams, 1992; Arthur et al.,
2012; Brose et al., 2013). The growing body of research on using fire to support Quercus
regeneration suggests that single fires have proven to be largely ineffective (Brose et al., 2013;
Holzmueller et al., 2009) and may even increase competition from species such as Acer rubrum
L. (red maple) (Abrams, 1996; Albrecht & McCarthy, 2006; McEwan et al., 2011; Xin &
Williams, 2019). Second, numerous studies evaluated the multiple interacting ecosystem drivers
hypothesis, which combines silvicultural treatments, including but not limited to fire, with other
interwoven factors such as land-use change, loss of foundation and keystone species, and
herbivore population dynamics and how these factors influence Quercus regeneration (Albrecht
& McCarthy, 2006; Dey, 2014; Greenler & Saunders, 2019; McEwan et al., 2011; Schweitzer et
al., 2019); however, few of these studies have been conducted in southern Illinois (Holzmueller
et al., 2014). Since there are many factors (e.g. herbivory, insufficient light, competition from
non-Quercus spp.) that may also contribute to the decline of Quercus regeneration, more data are
needed on the interaction between various disturbances and how using them in combination
influences Quercus regeneration and development (Loftis & McGee, 1993). To examine the
influence of a combination of multiple silvicultural practices on Quercus regeneration and
midstory individuals, this study addressed the following objectives:
I)

Compare three combinations of silvicultural treatments and determine which one best
selects for Quercus spp. after seven years of applied treatments (burn only (B), thin/burn
(TB), harvest/thin/burn (HTB), and control (C)).
Hypothesis 1: There is a significant difference in the density of Quercus vs. non-Quercus
seedlings and saplings between the control and the other treatments.
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II)

Determine changes in canopy openness and radial growth response of midstory Q. alba
individuals following treatment applications.
Hypothesis 2: There is a growth release in response to the silvicultural treatments applied
over the past seven years.
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CHAPTER 2
LITERATURE REVIEW
The Central Hardwood Forest
The CHR is a continuous forest region that spans much of central and eastern United
States known for its Quercus/Carya dominated forests, which cover 40% of the forest area
(Fralish, 2003; Hicks Jr., 1997; Parker & Ruffner, 2004). Nowhere else does such a high
concentration of high-quality Quercus/Carya stands exist (Fralish, 2003). The Quercus/Carya
forests of the CHR were formed in the mid- to late 19th century and early 20th century as a
consequence of frequent exogenous disturbances (Fralish & McArdle, 2009). Quercus and Carya
are both keystone genera for the CHR, and lack of disturbance across the landscape threatens to
decrease the abundance of these once dominant genera (Fralish, 2004; Parker & Ruffner, 2004).
There have been several interpretations of the extent of the CHR, but most recent
definitions of its range rely heavily on the species composition and their distributions, along with
the weather patterns that determine these distributions (Fralish, 2003). The border to the north
parallels the Northern Hardwood-Conifer Forest, where the CHR extends up into the Great Lakes
region. The eastern border roughly follows the Appalachian Mountain range from the northeast
down into northern Georgia. The Southern Hardwood-Conifer Forest shares a border with the
CHR where it reaches into northern Alabama, Mississippi, and Arkansas. The western border is
delineated by the transition zone from forest to Quercus/Carya savanna and grassland, known as
the Prairie-Forest Ecoregion (Fralish, 2003). This border runs from southeastern Minnesota
down into northeastern Oklahoma. The CHR is the most extensive forest of its type in the world
(Hicks Jr., 1997), which makes it an important and unique system to study.

5

Many biotic and abiotic factors have influenced the formation of the CHR throughout
time including glaciers, earthquakes, fires, wildlife interactions, windstorms, floods, and
compositional changes. The regional climate, including precipitation rates and average
temperatures, governs the species’ composition of this region. Topography, which can in turn
influence weather patterns, creates varying localized climates with distinct edaphic conditions,
moisture levels, and temperatures. The western mesophytic region is composed of an assortment
of Quercus/Carya dominated ridgetops with correlated mesophytic species of Acer saccharum
M. (sugar maple) and Fagus grandifolia E. (American beech) in the more mesic valleys (Ozier et
al., 2006). Quercus distribution drastically expanded around 10,000 years ago during the
beginning of the Holocene epoch when glaciers retreated north followed by southern Quercus
species (Abrams, 1996). Quercus and Carya species have been dominant species in the CHR for
the past 4,000-5,000 years (Fralish & McArdle, 2009; Parker & Ruffner, 2004). However,
analysis of twentieth-century climate patterns and tree-ring reconstructions have shown that
shifts in climate have been increasing in magnitude within the Quercus range. McEwan et al.
(2011) reported that the eastern portion of the CHR is getting 3% wetter and 4℉ cooler, while
the western portion is 10% wetter and 5℉ cooler. With the arrival of native populations and later
European settlement of this region, anthropogenic disturbances have increased exponentially,
leading to rapid acceleration of the successional processes throughout the CHR (Allen et al.,
2018; Groninger et al., 2003; McEwan et al., 2011).
Historical Disturbances
The CHR was shaped by various disturbances from different ecosystem drivers including
climate change, land-use changes, pest introductions, and increases in human and wildlife
populations utilizing the landscape throughout time (McEwan et al., 2011). Three distinct time
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periods delineate important disturbance regime shifts since the formation of this region. Prior to
human arrival in North America around 12,000 years ago, such disturbances were considered to
be natural because of the lack of human presence before this time (Parker & Ruffner, 2004;
Smith, 2006). It is imperative to acknowledge both natural and anthropogenic forest
disturbances, since they both can shift structure and composition. For example, natural shifts in
climate allowed for the establishment of Quercus during the formation of the CHR (Rentch et al.,
2002). In the past several centuries, disturbances have transitioned to include anthropogenic
disturbances with the increases in human settlement in the region (Arthur et al., 2012; Brose et
al., 2013). When analyzing the scale of a disturbance, it is important to consider the type of
disturbance including its intensity and duration. These factors can correlate directly or indirectly
to shifts seen in forest composition and structure.
Pre-European Settlement
The Holocene geologic epoch began 8,000-10,000 years ago, bringing about a warming
period that melted glaciers and allowed eastern forests to migrate north into the current Central
Hardwood Forest region (Parker & Ruffner, 2004; Smith, 2006). From about 12,000 years ago
until the arrival of European colonizers in the early 1600s, fire was the primary anthropogenic
tool that influenced change in the eastern forests (Smith, 2006). Due to the rarity of lightninginitiated fires in eastern North America, fire scars allow scientists to identify native population
burning regimes (Guyette et al., 2006; Hart & Buchanan, 2012; Ruffner & Groninger, 2006).
Indigenous peoples influenced the landscape by using fire to promote browse and forage,
increase understory visibility, control fruit and nut production, and to clear land for agricultural
cultivation (Dey et al., 2010). By the time Europeans arrived in this region, there was likely no
pristine landscape due to over 8,000 years of indigenous peoples’ manipulation of the land
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(Fralish & McArdle, 2009; Parker & Ruffner, 2004). Prior to 1850, average mean fire intervals
(MFI) ranged from 15 to 25 years in the Midwest (Dey et al., 2010). A review by Guyette et al.
(2006) of 15 studies reported an average MFI of 8 years with a range of 3-21+ years before
European settlement. Starting in the beginning of the 16th century, early European explorers
brought with them alien contagious diseases that swiftly spread among the native populations in
the eastern U.S., decimating those populations throughout the region by the mid-17th century
(Hart & Buchanan, 2012; McEwan et al., 2007). Eastern forests were essentially devoid of
human influence for 150-250 years due to the drastic decrease in human presence (Hicks Jr.,
1997), allowing for mass Quercus recruitment.
1810-1920
Around the time human impacts lessened, widespread natural disturbances impacted parts
of the CHR. A shift in disturbance patterns is marked by several significant seismic events that
took place from 1811-1812, damaging thousands of hectares of forest throughout the CHR
(Fralish & McArdle, 2009). These earthquakes were severe enough that they likely opened the
recently regenerated forest and allowed for an ample amount of solar radiation to reach the
seedling layer. This allowed for the establishment of Quercus and Carya species and their
overstory dominance (Fralish & McArdle, 2009). Concurrently, European American settlers
began to increase in numbers throughout the 1800s (Hart & Buchanan, 2012). These settlers
began clearing land for agricultural plots, collecting timber as fuel for the iron industry, and
harvesting timber for building materials, heating, and cooking (Abrams, 1996; Hicks Jr., 1997;
McEwan et al., 2007). Congress passed the Indian Removal Act in 1830, which forced all
indigenous peoples from east of the Mississippi river to the lands west of the river. The mid1800s brought about the expansion of the railroad system, which not only used vast amounts of
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timber for railroad ties and fuel, but also allowed wood products to be shipped around the eastern
U.S. and exported through the shipping port in New Orleans, Louisiana (Parker & Ruffner,
2004). Newly innovated locomotives made it economically viable to expand timber harvesting to
areas farther from the mills, resulting in an exponential amount of timber being withdrawn from
the forests (Brose et al., 2001). From the late 1800s through the 1920s, America experienced an
economic boom, which included a timber boom that peaked in the CHR; this resulted in vast
overcutting (Hicks Jr., 1997). The increase of machinery in the woods from the logging boom
caused massive wildfires to break out due to the residual slash that remains on site after timber
extraction (Dey & Schweitzer, 2018). By the early 1900s, a majority of eastern forests were
exposed to livestock grazing and burning from European American settlement, and most of the
lands cleared were permanently used for agricultural crops instead of regenerated forests (Parker
& Ruffner, 2004).
1920 – Present
Increasing size and severity of wildfire in the late 1800s to early 1900s lead to a shifting
perspective of fire (Parker & Ruffner, 2004). The Forest Service implemented the “10am Policy”
in 1935, which stated that fire needed to be under control by 10 am the following day and stood
as a guiding principle for fire suppression up until the mid-1970s (Donovan & Brown, 2007). By
the 1940s, the landscape was practically devoid of all fire (McEwan et al., 2007). At this time,
the U.S. Forest Service adopted Smokey Bear who has continued to endorse fire suppression
over the past 60 years (Abrams, 2009; Donovan & Brown, 2007). The 20th century can be
characterized by the decline of fire by 99% in the eastern U.S. (Abrams, 1996), due to the
combination of these policies.
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Eastern forests experienced reduced cutting intensities beginning in the latter half of the
20th century. Selective cutting (high grading) throughout the 1920s and 1930s (Parker & Ruffner,
2004) combined with degradation from decades of burning and livestock grazing resulted in
reduced stand quality. From the mid-1900s through 1990s, single tree and group selection
harvesting practices were used primarily on state and private lands (Parker & Ruffner, 2004),
instead of clearcutting which was used in the beginning of the 20th century for regenerating
Quercus (Dey, 2014).
During the same time that harvesting practices declined, deer population densities began
to increase. Rooney et al. (2001) explains Odocoileus virginianus Z. (white-tailed deer)
populations in the United States and Canada in three distinct stages: pre-settlement, exploitation,
and present. Before 1700, O. virginianus populations were low, but logging practices that
converted mature forest stands into young forest stands increased browse availability, which
allowed for populations to increase (Rooney, 2001). The influx of European American settlers in
the 1800s caused habitat changes and eradication of predators, which caused deer populations to
expand. However, hunting pressures lead to a near-eradication of O. virginianus by the early
1900s (Horsley et al., 2003). Since then, O. virginianus populations have rebounded
exponentially (Horsley et al., 2003; Rooney, 2001). Dey (2014) reports eastern deer densities are
>10 deer/km2, and in areas of mature forest where browse availability is low, deer densities of >5
deer/km2 can cause compositional shifts and deer densities of >12 deer/km2 can lead to
regeneration failure. Horsley et al. (2003) deduced that negative effects on vegetation became
significant at deer densities lower than those found in many eastern forests, suggesting high deer
population densities can shift forest structure and composition.
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Quercus Physiology
Quercus species have several physiological and physical adaptations that make them
relatively resistant to fire and drought. Adaptations to fire include thick bark, vigorous sprouting,
and a high root to shoot ratio (Abrams, 1996; Abrams, 2003). Drought adaptations include deep
rooting, xeromorphic leaves, high gas exchange rates, low water potential threshold for stomatal
closure, osmotic adjustments and a drought-resistant photosynthesis apparatus (Abrams, 1996;
Abrams, 2003). Quercus species tend to be slow growing and intermediate shade-tolerant,
thriving optimally in sunlight levels between 15-40% (Brose & Rebbeck, 2017). Of all Quercus
spp., Q. alba is reported to be one of the more shade tolerant (Abrams, 2003). This characteristic
allows Quercus spp. to persist suppressed in the understory for decades depending on species,
with Q. alba having an average understory residence time of 89 years in old growth forests in the
CHR (Rentch et al., 2003). Long residence time allows some Quercus regeneration to persist
long enough for natural disturbance to occur, thereby increasing its likelihood of reaching
maturity.
Quercus spp. in the white oak group, including Q. alba, can compartmentalize wounds
from thinning or burning through the production of tyloses in response to an injury (Abrams,
2003; Dey & Schweitzer, 2018). Tyloses limit the spread of rot and will increase the longevity of
the tree compared to other species that do not have this capability (Sutherland & Smith, 2000).
Species that do not compartmentalize rot are of lesser value because they are more prone to
decay and value loss after injury (Brose et al., 2014). Increased resource allocation to
underground roots and the ability to compartmentalize after injury allows Quercus spp. in the
white oak group to resprout and live longer after damage from thinning and/or burning
(Sutherland & Smith, 2000).
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Quercus Regeneration
There are two major hypotheses proposed in the literature for how best to regenerate
Quercus: the fire-oak hypothesis and the multiple interacting ecosystem drivers hypothesis.
Based on historic fire regimes (Arthur et al., 2012), the fire-oak hypothesis is comprised of four
parts: (1) fire has been an integral disturbance in forests of eastern North America, (2) the
physiological and physical characteristics of Quercus species allow them to survive a periodic
fire regime better than their competitors, (3) the decline of fire in the 1930s onward is the major
reason for Quercus regeneration issues, and (4) reintroducing fire through prescribed burning
would lead to Quercus regeneration (Brose et al., 2013). Although the fire-oak hypothesis is
generally accepted in scientific literature, McEwan et al. (2011) address that it relies on
assumptions that lack concrete evidence. Several studies have tested the final part of the fire-oak
hypothesis by applying prescribed fire either one or multiple times to test the response of
Quercus regeneration (Arthur et al., 2012; Holzmueller et al., 2009; Keyser et al., 2017). Brose et
al. (2013) compiled a review of thirty-two prescribed fire studies in fifteen states, ultimately
finding that fire can be used to help Quercus regeneration by (1) reducing midstory stems, (2)
favoring Quercus versus non-Quercus resprouting, (3) resulting in postfire growth of Quercus
reproduction that was comparable to mesophytic reproduction, and (4) showing a trend of greater
density of Quercus seedlings in burned areas relative to unburned areas.
Based on this evidence, land managers in the eastern US have begun to increase use of
prescribed fire as a treatment in mixed-oak forests; however, the practical use of prescribed fire
can be controversial and difficult to implement (Dey & Schweitzer, 2018; Ruffner & Groninger,
2006). The effectiveness of using multiple prescribed burns to promote Quercus regeneration
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greatly depends on the volume of fuels present in the stand, moisture levels of these fuels,
climatic condition, public perception, and local fire laws. High burn intensity may lead to
mortality, fire scarring, reductions in potential growth, and degradation of timber grade (Kinkead
et al., 2017). Whether or not a tree is wounded depends on the behavior of the burn (e.g.,
temperature, duration, flame length) and the characteristics of the tree (e.g., species, age, size,
and bark thickness). In addition, prescribed fires have strict regulations and guidelines that limit
time of year and climate conditions in which land managers can burn to prevent negative
consequences (e.g., losing control of a fire, damage to non-target areas and structures, and
smoke) which can limit their ecological effectiveness.
While fire is important, the multiple interacting ecosystem drivers hypothesis suggests a
combination of multiple disturbances should be used to establish Quercus regeneration or release
Quercus advanced regeneration. For example, in southern Ohio, Albrecht and McCarthy (2006)
concluded that several years need to pass before applying prescribed fire after a thinning
treatment to maintain adequate Quercus spp. recruitment survival. Iverson et al. (2017)
recommended partial harvest followed by multiple dormant season burns to increase light
penetration to the forest floor to promote Quercus/Carya into advanced regeneration status. In
northcentral Alabama, Schweitzer et al. (2019) found thinning and burning once resulted in the
highest densities of Q. alba regeneration, while just thinning without burning was less
successful. Greenler and Saunders (2019) concluded that a combination of expanding group
shelterwood harvest with repeated burning resulted in competitive oak regeneration in the CHR
on low productive sites.
Research also suggests that the timing of applying different treatments can affect the
success of the desired management goals. For example, a study by Iverson et al. (2004) reported
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that burning directly after a thinning in upland mixed-Quercus forests can lead to lower burn
temperatures, rate of spread, and intensity, since the recently added fuels are not yet fully cured.
In contrast, a Quercus-dominated shelterwood study conducted by Brose and Van Lear (1999),
reported large amounts of residual slash that were left to cure for several years lead to higher
burn temperatures and increased injury and mortality of the remaining trees. This is not always
the case since larger, thick-barked trees are less likely to be scarred from a burn (Dey &
Schweitzer, 2018). Keyser et al. (2017) found that even the frequency of the burns may be more
of a controlling factor in the success of woody regeneration rather than only changing the
number of burns applied. The seasonal timing of prescribed burns can greatly impact the
outcome, with spring/summer fires causing more damage due to higher temperature, sunlight
levels, and fully hydrated tissues that raise cambia temperatures, causing cell death. Winter burns
are typically less damaging because of the cool temperatures and dormant state of the trees
(Brose & Van Lear, 1999).
To increase the likelihood of Quercus regeneration, it is best to apply treatments around a
mast year when Quercus spp. produce a cohort of acorns, which occurs every three to ten years
depending on species (Dey & Schweitzer, 2018). Acorn production is highly correlated to tree
diameter, which is a proxy for crown size (Dey, 2014; Greenberg, 2021). The presence of
advanced regeneration prior to treatment application may be necessary for some forests. If
treatments are used at the wrong time or in the wrong order, the Quercus spp. regeneration can
be overtopped by herbaceous vegetation or faster growing hardwood species (Sung et al., 1998).
The degree to which light penetrates to the forest floor can favor different plant species. A study
looking at differences in growth between four Quercus species in differing percentages of
sunlight (5, 15, 40, and 75%) concluded that there were no statistical differences in the number
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of seedlings of these species, but by the end of the study Quercus rubra L. (northern red oak)
seedlings were 2-3 times taller than Quercus velutina L. (black oak) and Q. alba seedlings,
which do not allocate as large of a proportion of its resources to stem growth (Brose & Rebbeck,
2017).
Once Quercus spp. are established, an increase in resources can be seen through the
increase in radial growth of the bole. The increase in radial growth is referred to as a release,
where abrupt changes in the radial growth of a tree exceeds the previous growth pattern before a
disturbance (Altman et al., 2014). There are dozens of ways to calculate the extent and severity
of a release, including static release, detrending standardization, mean growth rate, and radialaveraging or running means methods (Rubino & McCarthy, 2004). In old-growth Quercus
forests of the Cumberland Plateau, Hart et al. (2012) found that 63% of all Quercus spp. that
dated prior to 1850 experienced release following canopy disturbance. Quantifying the release
seen from the various treatments will give land managers a better idea of the change in resources,
such as light, that are to be expected following treatment application. Clearer understanding of
silvicultural combinations of thinning, harvesting, and burning and their impact will allow for
better Quercus management in the future.
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CHAPTER 3
METHODS
Study Site
Trail of Tears State Forest (TTSF) (37.49001N, -89.34413W) is located in northwestern
Union County, Illinois (Figure 1). Trail of Tears State Forest falls within the Illinois Ozark Hills
portion of the Ozark Plateau physiographic region which is located within the CHR (Fralish,
2003). The forest encompasses a total of 5,114 ac, 925 ac of which is designated as a
demonstration project area in the north portion of the forest. Mean annual temperature is 56℉,
and mean annual precipitation is 46 in. The topography of TTSF consists of narrow ridgetops
with moderate to steep side slopes (15-44%) that lead into ephemeral streams with an average
elevation of 669 ft. (Hoover, 2018; United State Geological Survey, 2015). The bedrock was
formed during the Pennsylvanian period from uplifted Devonian-age cherry limestone, which
leads to dendritic drainage patterns unique to this area of Illinois. Ridgetops contain Stookey and
Hosmer soil types, midslopes are formed by Goss and Baster soils, and the bottom slopes and
stream beds contain Elash and Wakeland soils which are frequently flooded (National
Cooperative Soil Survey, 2001).
The Department of Conservation purchased Trail of Tears State Forest in 1929. The
demonstration area within TTSF was established in 2014 as a place for IDNR to develop
silvicultural guidelines for Quercus spp. regeneration (Figure 1). Prior to treatment within the
demonstration area, upper slopes were dominated by Quercus spp. (predominately Q. alba) and
Carya spp. in the overstory with A. saccharum and F. grandifolia in the under- to midstory. The
lower slopes and bottomlands were dominated with F. grandifolia, A. saccharum, Liquidambar
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styraciflua L. (sweet gum), and Liriodendron tulipifera L. (tulip poplar) in the overstory, with
only a minor component of Quercus spp. and Carya spp.
The demonstration area was divided into four treatment areas: 1) burn only (B), 2)
thin/burn (TB), 3) harvest/thin/burn (HTB), and 4) control (C). Prior to these treatments, there
had been no overstory manipulation in the forest since 1989 in the demonstration area (Ozier et
al., 2006). The B (152 ac) treatment was burned in fall 2014, spring 2017, and spring 2018 (B.
Snyder, personal communication, February 19, 2021). The TB (151 ac) treatment underwent a
mid-canopy control forest stand improvement (FSI) treatment in February 2015 and was burned
in spring 2017, spring 2018, and fall 2020. The HTB (142 ac) treatment had a variable retention
harvest in 2016/2017, followed by FSI in October 2017, and prescribed burns in spring 2017,
spring 2018, and fall 2020. The goal of the combined treatments was to reduce the total basal
area by 40% from harvesting and FSI. The control (202 ac) unit had no management.
Data Collection
Post-treatment data were collected in summer 2021. Eighty variable radius plots (10
BAF) were sampled, 20 plots per treatment unit (Figure 2). Data collection included overstory
sampling, regeneration density, and canopy openness, following methods from Hoover (2018).
All woody stems greater than 3” DBH were included in the overstory. Overstory trees were
identified and DBH was measured to the tenth of an inch, which was used to calculate density
(trees per acre) and basal area (ft2 per acre) for each species in each unit. Regeneration data of all
woody species were collected in fixed radius plots with a 5.6’ radius at each cardinal direction,
26’ from plot center. Regeneration was classified as either a seedling (1”- 3.3’ in height), small
sapling (>3.3’ in height and up to 1” DBH), or large sapling (>3.3’ in height and >1” to 3”
DBH). Coverage of woody vines was estimated as a percentage of ground cover.

17

Light Availability Sampling Design
A spherical convex densiometer (Forestry Suppliers, No. 43887) was used to quantify
canopy openness (%) for each plot. Four densiometer readings, one facing each cardinal
direction, were averaged to obtain mean canopy openness per overstory plot. The canopy
openness provides a quantified value of how the differing silvicultural treatments have disrupted
the upper canopy, and subsequently the amount of light that reaches the forest floor to influence
regeneration.
Statistical Analysis
Data from 2021 were examined using one-way analysis of variance (ANOVA) followed
with Tukey’s HSD post-hoc comparisons between treatments if the ANOVA reported statistical
significance (p < 0.05). This analysis elucidated statistical differences of canopy openness, basal
area, and density of overstory and regeneration size classes between treatments, as well as
between species and genera groups. Differences between regeneration density of economic
species (Acer spp., Carya spp., L. tulipifera, Quercus spp.) between treatments were also
examined.
Radial Growth Release Sampling Design
Radial growth release was measured across all treatments by analyzing ring-width growth
from the past seven years of midstory Q. alba trees. Selected trees ranged from 7.3” to 15.3”
DBH, had a dominant leader, and overall healthy vigor. For each tree, two increment cores were
extracted 180° apart at breast height using an increment corer, perpendicular to the slope of the
ground (Copenheaver et al., 2009). Cores were stored in straws to keep them intact while being
transported out of the field. If there were not any trees within the variable radius plot that met
the stated criteria, then the closest tree to plot center that did meet the criteria was sampled.
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Sample Preparation and Dendroecological Analysis
All samples (n =160) were air dried, mounted and sanded with progressively finer grit
sandpaper to reveal cellular structure (Stokes & Smiley, 1968). Select tree cores (n = 126) were
chosen for the tree-ring chronologies, based on quality of the tree core. Thirty-four samples were
discarded due to the presence of ring deformities or extreme suppression that inhibited
measurement. Ring growth that centered around the target year of 2014 was prioritized to
illuminate the relationship between silvicultural management and radial growth, so samples that
were defect-free in the most recent decades were dated as far back in time as possible. All
samples were first skeleton plotted to begin parsing out signature years, and then they were
scanned into WinDENDRO to measure ring widths (Regent Instruments Inc., 2021). Afterwards,
samples were crossdated into a master chronology for each treatment unit. The tree-ring width
measurements were crossdated with the help of the xDateR Shiny application (Bunn, 2008;
Bunn, 2010). Out of thirty-one cores collected from the burn unit, two were dropped due to
crossdating errors. No other samples were dropped from analysis in any other treatments.
To elucidate the influence of mean temperature (ºC), precipitation (mm), or Palmer
drought severity index (PDSI) on radial growth, I computed a Pearson’s correlation coefficient
between the control unit’s standardized ring width chronology to monthly regional climate
averages using the treeclim package in R (Zang & Biondi, 2015). Climate correlation analysis
was calculated with a 100-year static window over a 36-month period (two previous years plus
the target year) with the control unit to remove any influence of silvicultural management from
the recently applied treatments (Table 7).
I also used the dplR package in R which can read decadal-format files and can perform
analyses including interactive detrending, chronology building, and calculation of standard
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descriptive statistics for my analysis (Bunn, 2008; Bunn, 2010; R Core Team, 2021). The dplR
package in R was used to detrend all raw RWL files for each treatment, employing the negative
exponential curve and spline methods that best fit each raw measurement series (Bunn, 2008;
Bunn, 2010).
Tree Ring Analysis of Disturbance Events in R (TRADER) is an R package that can
reconstruct disturbances from tree-ring data and allows for the disturbance analysis by twentyfour previously published methods. I chose the radial-growth averaging (RGA) criteria
developed by Lorimer and Frelich and modified by Nowacki and Abrams to calculate percent
growth change since it was primarily developed using Quercus data for use in mature closedcanopy Quercus/Carya forests of the eastern U.S. (Lorimer & Frelich, 1989; Nowacki &
Abrams, 1997), and because running mean methods are the most robust at detrending
disturbance events (Rubino & McCarthy, 2004). Newer studies suggest that the RGA method
may present more temporal accuracy, fewer false positives, and greater sensitivity than
boundary-line, absolute increase, or other methods (Trotsiuk et al., 2018). Lorimer and Frelich’s
(1989) original quantitative criteria for defining release used the change in growth (%GC) before
and after an event. They defined moderate (50-99%) and major (>100%) release events with a
growth duration that can either be temporary (10-15 years) or prolonged (>15 years) (Lorimer &
Frelich, 1989). Nowacki and Abrams’s (1997) RGA approach modified the previous criteria
from Lorimer and Frelich to identify release events as a 25% increase threshold using 10-year
running mean growth rates. This lower threshold allows for better detection of moderate releases
in the midstory Q. alba individuals. I modified these parameters for my study, using an
asymmetrical window of ten years before and seven years after the target year with a ten-year
buffer to decrease chances of multiple consecutive release detections. Moderate (>25% GC) and
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major release (>50% GC) threshold parameters were maintained from Nowacki and Abrams
(1997).
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CHAPTER 4
RESULTS
Compositional Shifts
Overstory
Across all treatments in the demonstration area, mean overstory basal area was significantly
different between treatments, ranging from 72 ft2/ac in the HTB to 101 ft2/ac in the control unit
(Table 2; F 3,76 = 3.992, p = 0.01), and post-hoc comparisons revealed a statistically significant
difference between the total basal area in the HTB and control units (p = 0.006). Quercus alba
had the highest average basal area of any species in all treatments, ranging from 31% basal area
in the control to 46% in the B unit; however, there was no statistical difference found among
treatments (F 3,76 = 0.921, p = 0.435). Carya spp. was the only other genera to contribute more
than 15% of total basal area in any treatment, ranging from 10% in the B unit to 18% in the
HTB, and no significant difference was found among treatments (Table 2; F 3,76 = 0.399, p =
0.754).
Overstory mean density was lowest in the TB unit (75 trees/ac) and highest in the control
(128 trees/ac) and was significantly different among the treatments (Table 3; F 3,76 = 3.682, p =
0.016). Quercus spp. overstory density did not differ among treatments (Table 3; F 3,76 = 0.450, p
= 0.718). Acer spp. had the second highest density overall with a significant difference of Acer
spp. overstory density among treatments (F 3,76 = 3.750, p = 0.014). Tukey’s multiple
comparisons found a significant difference between the HTB and control units (p = 0.014).
Carya spp. had the third highest average overstory density among species accounting for 32% of
overstory density in the HTB unit to 10% of overstory density in the B unit, but no statistical
significance was found among treatments (Table 3; F 3,76 = 1.802, p = 0.154).
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Large Saplings
Large saplings (>3.3’ in height and >1” to 3” DBH) had the highest overall average density
in the control (298 stems/ac), followed by TB (189 stems/ac), B (160 stems/ac), and HTB (86
stems/ac) including all species (Table 4). There was a statistically significant difference of large
sapling density between treatments (F 3,76 = 3.265, p = 0.026), with a significant difference
between the control and HTB treatments specifically (p = 0.015). Fagus grandifolia had the
highest density of any species of large saplings in every treatment, with the largest proportion in
B (64%), followed by control (58%), HTB (40%), and TB (36%) (Table 4). The only unit to
have large sapling Quercus spp. was the TB unit, making up 3% of all large saplings, but there
was no statistical difference of Quercus spp. among treatments (Table 4; F 3,76 = 1.00, p = 0.398).
There were no Q. alba large saplings found in any unit. There was not a statistical difference in
the density of large sapling economic species among treatments either (Table 4; F 3,76 = 1.748, p
= 0.164).
Small Saplings
Small saplings (>3.3’ in height and up to 1” DBH) had the highest overall density in the HTB
treatment (1,433 stems/ac), followed by the control (699 stems/ac), TB (682 stems/ac), and B (80
stems/ac) (Table 5). Small sapling density among treatments was highly significant (F 3,76 =
7.061, p < 0.0003), with Tukey’s HSD test finding a statistical significance between HTB and B
treatments (p < 0.001). There was no statistical significance between Quercus spp. small sapling
density among treatments (F 3,76 = 2.111, p = 0.106), but there was a highly significant difference
of non-Quercus spp. small sapling density between treatments (F 3,76 = 7.05, p < 0.0003).
Sassafras albidum N. (sassafras) had the highest density in HTB, TB, and the B units,
making up 46%, 38%, and 65% of all small saplings respectively, but only 3% of small saplings
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in the control unit (Table 4). Asimina triloba L. (pawpaw) small saplings were abundant across
all treatments as well, making up 43% of the control, 8% of B, 19% of HTB, and 17% of TB.
Liriodendron tulipifera comprised 23% of the TB and 8% of HTB but was absent in the control
and B units. No other species made up more than 15% of small sapling density for any of the
treatments. Quercus spp. were found in the TB only, accounting for 1% of small sapling density,
and there were no Q. alba small saplings found in any unit.
Seedlings
Seedling (1”- 3.3’ in height) density ranged from 8,784 stems/ac in the TB unit to 6,899
stems/ac in the HTB unit, and there was no significant difference of combined seedling density
among treatments (Table 6; F 3,76 = 1.134, p = 0.341). Liriodendron tulipifera, the species with
the highest density across treatments, made up the highest proportion of seedling species in the
TB unit (32%), while A. triloba had the highest proportion in the control (28%). Sassafras
albidum was the only other seedling species to account for over 15% in any treatment, with
proportions ranging from 18% in the B unit to 8% in the control. Quercus alba seedling density
ranged from 166 stems/ac (2% of total density) in the B unit to 476 stems/ac (7% of total
density) in the HTB unit individually. One-way ANOVA revealed there was a significant
difference in the density of economic species seedlings among treatments (F 3,76 = 3.991, p =
0.011). Tukey’s HSD post-hoc comparisons showed a significant difference between the TB and
C units (p = 0.21).
Woody vines
Woody vine ground coverage was highest in the HTB unit (57%), followed by the TB (53%),
C (18%), and B (15%) (F 3,76 = 15.553, p < 0.0001), with multiple comparisons identifying a
highly significant difference between HTB and C (p < 0.0001), and TB and C (p < 0.001).
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Toxicodendron radicans L. (poison ivy) (F 3,76 = 11.632, p < 0.0001) was found in 99% of plots,
and there were highly significant differences in ground cover between HTB and C (p = 0.001)
and between TB and C (p < 0.001). Parthenocissus quinquefolia L. (Virginia creeper) was
recorded in 91% of plots, with one-way ANOVA showing a significant difference of ground
coverage among treatments (F 3,76 = 3.795, p = 0.014). There was a significant difference of P.
quinquefolia ground coverage between the TB and B units only (p = 0.013). Vitis spp. L. (grape)
was recorded in 71% of plots across the site, and there was a highly significantly difference in
ground coverage between treatments revealed by a one-way ANOVA (F 3,76 = 9.463, p < 0.001),
with significant differences between treatments HTB and C (p < 0.001) and TB and C (p =
0.003).
Canopy Openness
Average canopy openness ranged from 1% to 11% with high variability within treatments
(Figure 3). The C unit averaged 1% canopy openness (0-2.6% range), followed by B with 1.6%
(0-5.5% range), TB with 6.2% (1-19.5% range), and HTB with 11.1% (0.5-26% range). A oneway ANOVA revealed that there was a statistically significant difference in canopy openness
between treatments (F 3,76 = 27.534, p < 0.0001). Tukey’s HSD Test reported a highly significant
difference in canopy openness among the HTB and C units (p <0.001) and the TB and C (p <
0.001). Canopy openness was not significant between C and B (p = 0.960).
Radial Growth Analysis
Silvicultural Release
The oldest trees cored dated back to an inner year of 1861 and were found in the B and C
units (Figure 5). The longest average series length was found in the C unit with an average of 96
years, with the HTB, B, and TB following with averages of 90, 87, and 86 years, respectively.
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From the 126 Q. alba cores analyzed using the RGA method with an asynchronous window, 41
(27%) exhibited at least one release event. Only 10 (6%) cores had multiple release events
detected. Since 1861, there were 154 releases from the 126 samples, including 83 (54%) major
(>50% increase in growth sustained for 10 years) and 71 (46%) moderate (> 25% increase in
growth sustained for 10 years) releases across all units found using the RGA detection method
(Figure 4). However, none of these releases were detected since treatment application in 2014.
Radial Growth Climate Correlations
Correlation analysis indicates that climate did have a statistically significant, but minor
role in influencing radial growth. There was a positive significant correlation of current
February, last February, and two years prior February mean temperature with radial growth (r =
.220, r = .196, r = .311; respectively; Table 7). Additionally, there were significant negative
correlations of mean temperature and radial growth for prior May (r = -.241), prior June (r = .192), prior August (r = -.186), and two years prior August (r = -.193). Pearson’s correlation
coefficient calculations revealed a negative correlation with current July precipitation (r = -.223),
and positive correlation with current September (r = .160), two years prior May (r = 0.180), and
two years prior August (r = 0.195) (Table 7). All other month precipitation correlations were
found to be non-significant when compared to ring-width growth. Pearson’s correlation
coefficient calculations between monthly PDSI and radial growth revealed positive correlations
in prior January (r = .191) and prior May (r = .193), as well as, positive correlations of two years
previous September (r = .174), October (r = .251), November (r = .270), and December (r = .249)
(Table 7).
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CHAPTER 5
DISCUSSION
This work addresses the continuing question of the effectiveness of silvicultural options
to successfully regenerate Quercus spp, in the CHR. Despite trying a combination of treatments,
Quercus regeneration did not increase on the study site. Quercus spp. only made up 0-3% of the
large saplings, 0-1% of small saplings, and 6-14% of the seedling layer size classes in the units
with treatments. My results indicate that there appears to be a bottleneck of Quercus seedlings
maturing into advanced regeneration, as has been reported in other studies (Izbicki et al., 2020;
Nowacki & Abrams, 2008; Schweitzer et al., 2019). While prescribed burning and harvesting
have been hypothesized as part of the solution to Quercus regeneration, there may be limits to
these treatments including insufficient canopy openings, increased competition from other
species, and deer herbivory.
Increasing Light Through Canopy Disturbance
Mature closed-canopy forests in the CHR are characterized as having little to no light that
reaches the forest floor except for naturally caused canopy gaps. Since anthropogenic
disturbances declined in the mid-20th century, overstory tree canopies have filled out, creating a
dense, closed canopy structure with little light reaching the forest floor. In my study, the canopy
openness in the control units ranged from 0-2.6% across all plots, which is insufficient to
successfully regenerate Quercus spp. Brose and Rebbeck (2017) reported that Quercus spp. need
at least 15-40% canopy openness for successful regeneration, while Iverson et al. (2017)
recommend roughly 6-18% sunlight penetration to the forest floor to adequately regenerate
Quercus/Carya. Burning alone is not likely to produce a significant increase in light reaching the
forest floor (Arthur et al., 2012; Hutchinson et al., 2005; Stan et al. 2006). My data support these
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studies as I found that even after three burns over a seven-year period there were no significant
difference in canopy openness between the B and C units. Overstory removal through thinning
and/or large-scale harvesting is therefore necessary to provide the required canopy openings;
however, these openings may be unevenly distributed across the landscape. Canopy openness
within the HTB treatment ranged from <1% to 26% across all plots indicating some areas within
the treatment may not have received sufficient light through canopy removal to successfully
regenerate Quercus spp.
Controlling Non-Quercus Regeneration
When light levels are sufficient to regenerate Quercus spp., other species often benefit as
well. In a study in Indiana, Greenler and Saunders (2019) reported that as canopy cover
increased around canopy gaps, S. albidum and L. tulipifera quickly colonized gaps with higher
light levels, suppressing competitive Quercus spp. regeneration. Similar results were found in
my study as S. albidum was a more abundant species in the HTB and TB treatments compared to
the C. While this may be detrimental to successful Quercus regeneration, S. albidum is an
important food for wildlife (Griggs, 1990), and maintaining S. albidum in the understory could
provide alternate browse to wildlife species, particularly in stands where commercial production
of high-value hardwoods (e.g. Quercus spp.) is of little to no concern. Liriodendron tulipifera
also responded well to disturbance in my study and comprised a large proportion across all
regeneration size classes, primarily in the TB unit. Liriodendron tulipifera is a shade-intolerant
pioneer species, meaning it can quickly colonize the regeneration layer when there is disturbance
that creates favorable light conditions for its growth. Several studies have shown that various
disturbance intensities, from clearcutting to a singular shelterwood cut, can lead to L. tulipifera
dominance, quickly overtopping Quercus regeneration (Groninger & Long, 2008; Rebbeck et al.,
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2011; Schweitzer & Dey, 2017). To counter this, Schweitzer and Dey (2017) recommended a
two-phase management approach, with phase one focusing on developing and maintaining
Quercus regeneration at high enough densities prior to overstory removal in phase two. This
could help prevent Quercus species from being rapidly overtopped by faster growing species. It
is also worth noting that there was high occurrence of woody vine species found throughout all
treatment areas, and these species should be considered for future treatment. Increased soil
disturbance and light availability resulting from the treatments to these species in the understory
could cause them to thrive, possibly outcompeting wanted Quercus regeneration (Rebbeck,
2012).
Deer Herbivory
In addition to increased competition from other species, browse pressure from O.
virginianus may contribute to Quercus regeneration failure. While the effects of O. virginianus
browse was not directly assessed in this study, in a companion study, Leeson et al. (2020)
reported suppressed Quercus spp. regeneration after only one year of deer exclosure
establishment within TTSF. Numerous studies have reported similar results across the CHR
(Miller et al., 2017; Redick & Jacobs, 2020; Strole & Anderson, 1992), indicating changes in
density and species composition have been heavily influenced by herbivory pressure, shifting
future forest composition (Strole & Anderson, 1992; Ward & Williams, 2020) and reducing tree
growth (Adams & Rieske, 2001; Kellner & Swihart, 2016).
Researchers have proposed that increased deer hunting many alleviate browse pressure
on regeneration (Gorchov et al., 2021; Ward & Williams, 2020) and it is likely that this is the
only long-term solution to this problem (Dey, 2014), but this may not be a socially acceptable
solution by all stakeholders. In a meta-analysis of 99 studies looking at deer management
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solutions, Redick and Jacobs (2020) concluded that while slash piling, hunting, and repellant had
moderate improvement of herbivory, physical barriers (such as fencing or cages) were the best
and most cost effective at controlling deer browse.
Silvicultural Release Prior to Treatment
The 154 releases detected in this study were between the years 1875 and 2013 (Figure 4).
These radial growth releases were detected in varied years rather than in a large cohort,
suggesting radial growth was mainly influenced by endogenous (e.g. localized tree death) rather
than exogenous disturbance (e.g. climate, harvesting practices). The top three years with the
highest number of combined releases in descending order were: 1982 (17 releases), 1990 (13
releases), and 1954 (10 releases). Between 1930 and 1989, over a million board feet of timber
were harvested from TTSF primarily with selective harvests (Groninger et al., 2003), suggesting
that releases detected through the early 1990s were at least in part consequent of human induced
disturbance through harvesting at TTSF.
Silvicultural Release After Treatment
Since 2014, there were no releases detected, therefore the most recent silvicultural
treatments did not cause a dramatic increase in growth to trigger release detection using this
release detection method at this time. There are several explanations as to why there were no
releases detected in any treatment within the past seven years since treatment application. One
explanation could be that there was not enough time between initial treatment application and
sampling. Despite there being seven growing seasons between the first burn on site and four
years since the overstory removal harvest, there may not have been enough time in the
calculation window. Having less than the ten-to-fifteen-year symmetric time window commonly
used for disturbance detection may have impacted the amount of releases detected (Nowacki &
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Abrams, 1997). Second, radial growth may lag when responding to canopy thinning, taking
several growing seasons for a silvicultural release to be detected. Rentch et al. (2002) reported a
lag time of three years for Quercus montana W. (chestnut oak). Additionally, a radial growth lag
could stem from the highly suppressed nature of the cored Q. alba trees. Not only could this
suppression cause additional lag time between suppressed growth and a release, but it could also
mean that a tree cannot show a release because it has been in this state for too long. Crop tree
release is typically executed during stem exclusion stage when trees are younger (10-30 years
old) and typically are growing rapidly (Miller et al., 2011). The midstory Q. alba stems I cored
averaged between 85 and 95 years old suggesting these individuals may be reaching an age
where they can no long release due to continuous suppressed growth (Figure 5). Lastly,
treatments may not have been intense enough. Miller and Stringer (2004) suggest that residual
stand density needs to be approximately 60-70% stocking to have a release. The B unit did not
have any canopy disturbance. Although the TB treatments removed about 20% basal area, and
the HTB harvest treatment removed about 40% basal area, these reductions may not have been as
intense as needed to induce a silvicultural release.
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CHAPTER 6
CONCLUSIONS
The results of this study indicate that the multiple treatments (including burning,
thinning, and harvesting) did not successfully regenerate Quercus spp. at this time. Challenges
include insufficient light, competition from other species, and deer herbivory. Future research
should continue to address the ongoing regeneration failure of Quercus spp. throughout the CHR
before the shorter-lived Quercus species become extirpated by attaining their maximum age
without successfully reproducing. Additionally, land managers may consider best management
practices for future forests that are not dominated by Quercus spp.
The radial growth averaging method of detecting disturbances and silvicultural release
used in this paper detected past disturbances in this Quercus/Carya dominated forest in the CHR.
However, care should be taken when applying this method in time periods shorter than ten years
after disturbance, so as to reduce the instances of false positive release detection. The criteria
used in the RGA method should be honed to local site climate conditions and target species.
Further research needs to be done in this study site to find correlations between the 2014
treatment application and radial growth in the coming decades.
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Table 1. Land-use practices, time period, and impacts to forest development of Trail of Tears State Forest in southern Illinois.
Time Period

Land-Use Practice

Forest Impact

Before 1800

Native American occupation

Open understory from burning for hunting
purposes

1550 - 1700

European settlers colonize the area

Beginning of mass cutting of timber for
infrastructure and heating

1811-1812

Regional seismic events

Downed swaths of forests in southern Illinois
region

1830

Indian Removal Act

Removal of native disturbance practices on
the landscape

1830s - 1930s

Increased livestock grazing from increasing
European American settlement in the region

Soil degradation and understory removal

1850 - 1880

Railroad expansion

Additional timber cut for building materials

1929 - 1930s

TTSF purchased by the Department of
Conservation, Civilian Conservation Corps
and Fire Protection Program began

Cessation of burning on landscape, increased
fire trails for easier fire suppression, and
implementation of light selective harvest

1989

Last overstory harvest at TTSF

Impacts of human-disturbance are lessened
allowing for natural forest succession

2009

Super derecho storm

Blowdowns across southern Illinois causing
accelerated succession of mesophytic species

2012

Intense drought in southern Illinois

Suppression of growth from lack of
precipitation and high temperatures

2014

Management begins at study site

Prescribed burning, midstory thinning, and
shelterwood harvest of forest
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Table 2. Overstory mean basal area (ft2/ac) and standard error (S.E.) by species and across
treatments: control (C), burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). Different
letters following standard errors indicate a significant difference among the treatments (p <
0.05).
Species
Acer saccharum
Carpinus caroliniana
Carya alba
Carya cordiformis
Carya glabra
Carya ovata
Cornus florida
Fagus grandifolia
Fraxinus americana
Fraxinus pennsylvanica
Juglans nigra
Liquidambar styraciflua
Liriodendron tulipifera
Magnolia acuminata
Ostrya virginiana
Quercus alba
Quercus coccinea
Quercus rubra
Quercus stellata
Quercus velutina
Sassafras albidum
Ulmus americana
Total

C
13 (3)
0 (0)
1 (1)
4 (3)
3 (1)
5 (1)
0 (0)
4 (1)
1 (1)
2 (1)
0 (0)
2 (2)
4 (2)
3 (1)
1 (1)
32 (4)
4 (3)
9 (2)
1 (1)
16 (5)
1 (1)
1 (1)
101 (7)b

B
9 (3)
1 (1)
1 (1)
2 (1)
6 (2)
1 (1)
1 (1)
7 (2)
2 (1)
1 (1)
0 (0)
0 (0)
6 (2)
1 (1)
1 (1)
41 (4)
1 (1)
8 (3)
0 (0)
3 (1)
3 (1)
0 (0)
90 (5)ab
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HTB
4 (2)
0 (0)
5 (2)
2 (1)
4 (2)
3 (2)
1 (1)
3 (1)
0 (0)
2 (1)
1 (1)
0 (0)
2 (1)
2 (1)
0 (0)
28 (5)
0 (0)
8 (2)
0 (0)
10 (3)
0 (0)
1 (1)
72 (5)a

TB
7 (2)
0 (0)
2 (1)
0 (0)
7 (2)
2 (1)
0 (0)
2 (1)
2 (1)
0 (0)
0 (0)
0 (0)
11 (5)
1 (1)
0 (0)
34 (5)
0 (0)
7 (2)
1 (1)
13 (4)
1 (1)
0 (0)
86 (7)ab

Table 3. Overstory mean density (trees/ac) and standard error (S.E.) by species and across
treatments: control (C), burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). Different
letters following standard errors indicate a significant difference among the treatments (p <
0.05).
Species
Acer saccharum
Carpinus caroliniana
Carya alba
Carya cordiformis
Carya glabra
Carya ovata
Cornus florida
Fagus grandifolia
Fraxinus americana
Fraxinus pennsylvanica
Liquidambar styraciflua
Liriodendron tulipifera
Magnolia acuminata
Ostrya virginiana
Quercus alba
Quercus coccinea
Quercus rubra
Quercus stellata
Quercus velutina
Sassafras albidum
Ulmus americana
Total

C
48 (13)b
0 (0)
3 (2)
7 (6)
3 (2)
3 (1)
0 (0)
19 (9)
0 (0)
2 (1)
2 (2)
2 (1)
2 (2)
4 (4)
15 (2)
8 (7)
4 (1)
1 (1)
5 (2)
1 (1)ab
1 (1)
128 (15)

B
26 (7)ab
3 (3)
1 (0)
2 (1)
9 (3)
1 (1)
5 (5)
34 (12)
2 (1)
0 (0)
0 (0)
2 (1)
0 (0)
7 (7)
24 (3)
1 (1)
4 (1)
0 (0)
1 (0)
8 (4)b
0 (0)
130 (20)
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HTB
9 (6)a
0 (0)
9 (5)
7 (4)
9 (5)
2 (2)
8 (6)
5 (2)
0 (0)
3 (2)
0 (0)
3 (2)
5 (3)
0 (0)
16 (3)
0 (0)
3 (1)
0 (0)
6 (3)
0 (0)a
1 (1)
86 (10)

TB
15 (8)ab
0 (0)
2 (1)
0 (0)
7 (4)
2 (1)
0 (0)
7 (5)
1 (1)
0 (0)
0 (0)
5 (2)
0 (0)
0 (0)
27 (6)
0 (0)
3 (1)
0 (0)
5 (2)
2 (1)ab
0 (0)
75 (11)

Table 4. Large Saplings (>3.3’ in height and >1” DBH to 3” DBH) mean density (stems/ac) and
standard error (S.E.) by species and across treatments: control (C), burn only (B),
harvest/thin/burn (HTB), and thin/burn (TB). Different letters following standard errors indicate
a significant difference among the treatments (p < 0.05).
Species
Acer rubrum
Acer saccharum
Asimina triloba
Carya alba
Cercis canadensis
Cornus florida
Fagus grandifolia
Fraxinus spp.
Liriodendron tulipifera
Ostrya virginiana
Prunus serotina
Quercus stellata
Ulmus spp.
Total

0
80
17
0
0
6
172
11
0
6
0
0
6
298

C
(0)
(25)b
(17)
(0)
(0)
(6)
(28)b
(8)
(0)
(6)
(0)
(0)
(6)
(52)b

B
6 (6)
23 (11)ab
0 (0)
6 (6)
0 (0)
11 (8)
103 (16)ab
0 (0)
0 (0)
6 (6)
0 (0)
0 (0)
6 (6)
160 (23)ab
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HTB
0 (0)
0 (0)a
11 (8)
6 (6)
6 (6)
11 (8)
34 (19)a
0 (0)
0 (0)
6 (6)
0 (0)
0 (0)
11 (8)
86 (26)a

TB
0 (0)
23 (18)ab
0 (0)
0 (0)
0 (0)
6 (6)
69 (24)a
23 (23)
57 (46)
0 (0)
6 (6)
6 (6)
0 (0)
189 (74)ab

Table 5. Small Saplings (> 3.3’ in height and up to 1” DBH) mean density (stems/ac) and
standard error (S.E.) by species and across treatments: control (C), burn only (B),
harvest/thin/burn (HTB), and thin/burn (TB). Different letters following standard errors indicate
a significant difference among the treatments (p < 0.05).
Species
Acer negundo
Acer rubrum
Acer saccharum
Aralia spinosa
Asimina triloba
Betula nigra
Carya glabra
Carya ovata
Carya spp.
Cercis canadensis
Cornus florida
Diospyros virginiana
Fagus grandifolia
Fraxinus spp
Juglans nigra
Lindera benzoin
Liquidambar styraciflua
Liriodendron tulipifera
Magnolia acuminata
Ostrya virginiana
Platanus occidentalis
Prunus serotina
Quercus velutina
Sassafras albidum
Total

0
0
40
6
304
0
0
6
11
6
6
0
86
57
0
86
0
0
0
63
0
6
0
23
699

C
(0)
(0)
(21)
(6)a
(128)
(0)
(0)
(6)
(11)
(6)
(6)
(0)
(29)b
(23)
(0)
(80)
(0)
(0)
(0)
(26)
(0)
(6)
(0)
(13)a
(165)ab

B
0 (0)
0 (0)
11 (8)
0 (0)a
6 (6)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
11 (8)a
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
52 (36)a
80 (35)a
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HTB
6 (6)
0 (0)
0 (0)
92 (31)b
275 (133)
6 (6)
6 (6)
0 (0)
69 (63)
17 (13)
6 (6)
11 (11)
17 (9)ab
34 (15)
6 (6)
52 (33)
0 (0)
120 (76)
23 (23)
0 (0)
0 (0)
29 (23)
6 (6)
659 (303)b
1433 (336)b

TB
0 (0)
6 (6)
6 (6)
17 (13)a
115 (97)
0 (0)
0 (0)
0 (0)
6 (6)
0 (0)
0 (0)
0 (0)
29 (23)ab
46 (24)
6 (6)
0 (0)
6 (6)
155 (58)
0 (0)
11 (11)
6 (6)
6 (6)
6 (6)
258 (81)ab
682 (179)ab

Table 6. Seedling (1”- 3.3’ in height) mean density (stems/ac) and standard error (S.E.) by
species and across treatments: control (C), burn only (B), harvest/thin/burn (HTB), and thin/burn
(TB). Different letters following standard errors indicate a significant difference among the
treatments (p < 0.05).
Species
Acer rubrum
Acer saccharum
Aralia spinosa
Asimina triloba
Betula nigra
Carpinus caroliniana
Carya alba
Carya cordiformis
Carya glabra
Carya laciniosa
Carya ovata
Carya spp.
Cercis canadensis
Cornus florida
Diospyros virginiana
Euonymus alatus
Fagus grandifolia
Fraxinus spp.
Hydrangea arborescens
Juglans nigra
Lindera benzoin
Liquidambar styraciflua
Liriodendron tulipifera
Lonicera maackii
Magnolia acuminata
Ostrya virginiana
Platanus occidentalis
Prunus serotina
Quercus alba
Quercus rubra
Quercus stellata
Quercus velutina
Rhus copallinum
Rhus glabra
Rosa multiflora
Sassafras albidum
Ulmus spp.
Total

C
739 (307)
86 (26)
11 (11)a
1977 (637)
34 (17)a
0 (0)
0 (0)
120 (92)
46 (30)
0 (0)
115 (63)
533 (142)
23 (18)
109 (55)
11 (11)a
0 (0)
63 (21)
693 (150)
0 (0)
0 (0)
155 (96)
17 (9)
338 (66)a
0 (0)
6 (6)
504 (151)b
0 (0)
160 (56)
183 (59)
69 (32)
0 (0)
269 (73)a
0 (0)
0 (0)
0 (0)
590 (177)
138 (52)a
6991 (589)

B
991 (283)
138 (54)
74 (55)a
682 (280)
52 (46)ab
11 (11)
0 (0)
0 (0)
264 (91)
6 (6)
0 (0)
258 (74)
120 (63)
40 (35)
120 (45)ab
0 (0)
126 (37)
625 (117)
0 (0)
0 (0)
6 (6)
97 (51)
751 (262)a
0 (0)
0 (0)
172 (66)a
0 (0)
160 (37)
166 (50)
80 (39)
0 (0)
241 (51)a
0 (0)
0 (0)
0 (0)
1272 (413)
470 (130)b
6928 (797)
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HTB
458 (148)
46 (25)
567 (124)b
1066 (350)
246 (73)ab
0 (0)
46 (36)
0 (0)
74 (53)
0 (0)
23 (23)
327 (70)
92 (30)
6 (6)
241 (81)b
6 (6)
29 (14)
453 (127)
17 (17)
0 (0)
40 (25)
74 (36)
613 (171)a
0 (0)
34 (17)
29 (20)a
0 (0)
126 (34)
476 (152)
120 (50)
0 (0)
361 (82)a
183 (134)
6 (6)
29 (29)
1049 (312)
57 (18)a
6899 (567)

TB
430 (187)
23 (16)
201 (70)a
705 (488)
275 (90)b
0 (0)
23 (18)
11 (11)
183 (60)
34 (34)
52 (52)
241 (79)
46 (25)
11 (8)
86 (32)ab
0 (0)
86 (45)
413 (92)
0 (0)
11 (11)
46 (46)
189 (87)
2813 (961)b
6 (6)
17 (17)
34 (21)a
6 (6)
80 (35)
252 (69)
52 (15)
6 (6)
819 (191)b
29 (14)
0 (0)
0 (0)
1461 (352)
143 (69)a
8784 (1305)

Table 7. Pearson’s correlation coefficients between the control unit’s standardized ring width chronology and the monthly mean
values of temperature (ºC), precipitation (mm), and Palmer drought severity index (PDSI) in the current year t, previous year t-1, and
two years prior t-2, 1895-2021. Significance is denoted as *p ≤ 0.05, ** p ≤ 0.01.

39

Figure 1. Trail of Tears State Forest location within Union County in southern Illinois with treatment units: control, burn only,
harvest/thin/burn, and thin/burn.
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Figure 2. Plot locations within the treatment units in the demonstration area at Trail of Tears State Forest in Union County, Illinois.
Treatments include control (C), burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). There were twenty plots sampled per unit
(n=80).
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Figure 3: Canopy openness (%) by plot and treatment across treatments including control (C),
burn only (B), harvest/thin/burn (HTB), and thin/burn (TB). There were twenty plots sampled
per treatment (n=80). Data was collected using a spherical densiometer. Four values were taken
for each overstory plot at plots center facing the cardinal directions and averaged into a plot
mean value for canopy openness (%). Different letters following treatment names indicate a
significant difference among the treatments (p < 0.05).
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Figure 4. Major and moderate releases per decade at Trail of Tears State Forest demonstration area. Major (> 50% growth increase
lasting 10 years) and moderate (> 25% growth increase lasting 10 years) releases in midstory Quercus alba individuals were detected
using a modified version of the radial growth averaging (RGA) release detection method of Nowacki and Abrams (1997) with an
asymmetric detection window of 10 years before and 7 years after the target year. Grey portion represents core sample depth.
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Figure 5. Age-diameter graph of 126 Quercus alba L. (white oak) midstory tree cores across treatments: control (C), burn only (B),
harvest/thin/burn (HTB), and thin/burn (TB).
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